Type I (insulin-dependent diabetes) mellitus, is caused by the progressive loss of insulin-producing pancreatic beta cells and is generally believed to result from T-cell-mediated autoimmune destruction [1, 2] . Type I diabetes has long been known as a hereditary disease whose aetiology seems to be polygenic and multifactorial. The role of HLA genes in susceptibility to Type I diabetes is important, as indicated by high disease concordance in HLA-identical siblings (15±17 % in DR3/4 heterozygotes, compared with approximately 1 % for HLA-discordant siblings). Although a genetic predisposition to Type I di- Diabetologia (2000) Results. Peptide GAD65(252±266) induced the responses of patients with recent onset diabetes in proliferation assays at the highest frequency (77 %), whereas GAD67(212±226) stimulated the cellular responses at the highest rate (61 %) in patients with late-onset diabetes. RVE1(157±176) was recognised by all groups of patients at the highest frequency and the largest amplitude among the viral peptides tested. T-cell clones specific to GAD65(252±266), GAD65(274±286) or GAD67(212±226) were tested in cytotoxicity assays for their responses to rubella virus peptides. Each of these T-cell clones cross-reacted with two to four rubella virus peptides, including RVE1(157±176) and RVE2(87±107). Analysis of the sequences of cross-reactive viral and glutamic acid decarboxylase antigens showed that these epitopes shared similar peptide binding motifs to HLA DR3/ DR4. There is a statistically significant correlation between the response amplitude of patient's peripheral blood mononuclear cells to RVE1(157±176), RVE2(87±107) and GAD65(274±286) in patients with recent onset diabetes, and to RVE1(157±176) and GAD67(212±226) in patients with late onset diabetes. Conclusion/interpretation. Cross-reactive glutamic acid decarboxylase and rubella virus determinants identified by T-cell clones were also recognised at high frequencies by general T-cell populations of Type I diabetic patients. [Diabetologia (2000) 43: 750±762] 
abetes in humans has been clearly established, the observed 60 % discordance rate for Type I diabetes between identical twins suggests that environmental factors such as viruses and diet could be important aetiological determinants [1±3] . The viruses that have been most frequently implicated in the pathogenesis of human Type I diabetes are the rubella virus (RV), cytomegalovirus (CMV), mumps virus and the Coxsackie virus (CXV) [1, 4] . The best-documented information linking a preceding viral infection in humans with the subsequent onset of diabetes has come from studies of children and young adults who were infected with RV during intra-uterine development and subsequently diagnosed as having congenital rubella syndrome (CRS) [1, 4, 5] . The incidence of insulin-dependent diabetes in CRS patients has been estimated to be 10±12 % whereas up to 40 % of CRS patients show impaired glucose tolerance [3, 6, 7] . Results of studies in mice and humans with Type I diabetes suggest that beta-cell destruction could occur directly as a result of viral replication or indirectly due to viral bystander damage or viral induction of autoimmune cell damage [1, 4, 8] . Virus infection could break the tolerance of T-cells to beta-cell antigens by damaging beta cells, and thus releasing a high load of autoantigens or by cross-reaction between viral and beta-cell epitopes [1, 4] . The latter mechanism involves molecular (antigenic) mimicry in which infection with a virus results in activation of lymphocytes that not only recognise a particular determinant of the invading virus, but also a molecularly similar determinant from a selfprotein. Thus, a transgenic mouse model has served as a tool to understand the pathogenetic processes involved in the initial phase of autoimmune reaction [9] . The advantage is that a well-characterised foreign (e. g. viral) gene can be expressed as a self-antigen and autoreactive immune responses followed precisely. In this way, it was shown that lymphocytic choriomeningitis virus (LCMV) infection caused Type I diabetes in over 90 % of rat insulin promoter (RIP)-LCMV transgenic mice. This not only established a direct link between viral infection and onset of Type I diabetes but also pointed to self-protein immunisation as a probable pathogenetic mechanism in this model [9] .
In the last few years, considerable progress has been made in the identification of candidate Type I diabetes autoantigens recognised by autoantibodies [10±13] . Several of these candidate autoantigens are recognised by T-cells, including insulin, GAD, heatshock protein 65, IA-2, and ICA69 [11, 13] . Glutamic acid decarboxylase, a putative beta-cell autoantigen, exists in the two isoforms 65 000 and 67000 M r , previously detected by immunoprecipitation of islet extracts using sera from diabetic patients [14] . Both GAD65 and 67 are expressed in the islets of Langerhans and in the brain in humans [14, 15] and appear to be the primary autoantigens in Type I diabetics [15±21] . Anti-GAD antibodies have been found in 60±70 % of diabetic and in most prediabetic subjects [16, 17] . T-cells from Type I diabetic patients were induced to proliferate in vitro by GAD65 and GAD67 proteins and their peptides [17, 18] .
Observed amino acid sequence similarity (homology) between antigens of CXV, or CMV and betacell antigens and cross-reaction by T-cells or antibodies or both with these antigens from Type I diabetic patients support the molecular mimicry mechanism of pathogenesis [3, 4, 15, 22±23] . Peripheral blood mononuclear cells (PBMC) from patients with or at increased risk for Type I diabetes showed increased reactivity to specific regions, respectively, GAD65 (amino acids 247±279) and the CXV B4 P2-C protein (amino acids 32±47) [24] . Cross-reactivity between a domain within RV capsid protein amino acids 65 000±79 000 and a 52 000 M r protein expressed on human and rat pancreatic islet cells has been defined with a monoclonal antibody [25] . Although there might not be a single infectious trigger for Type I diabetes, multiple infectious agents such as CXV, RV and CMV could have common antigenic motifs capable of activating autoreactive antibodies and T-cells [3, 26] . Persistent rubella viral infection has been observed in pancreases of some infants born with CRS [27] . Rubella virus can infect cultured human fetal pancreatic islet cells and such infection could lead to significant reductions in concentrations of secreted insulin [28] . Patients with Type I diabetes associated with CRS show the same immunogenetic (DR3 or DR4 or both) associations as conventional Type I diabetic patients [29] . Thus, CRS-associated Type I diabetes serves as an excellent human model in which to study viral influences in the pathogenesis of diabetes [7] . There are, however, no reports of cross-reactions between T-cell epitopes of rubella virus and beta-cell proteins so far. Two pairs of overlapping nonamer T-cell epitopes within GAD65 protein recognised by both CD4 + or CD8 + T-cells were identified as sequences bounded by GAD65(255±266) with 6/9 overlapping residues, and GAD65(276±285) with 8/9 overlapping residues, respectively using CD4 + and CD8 + T-cell clones from patients with CRS-associated Type I diabetes in one of our studies [30] . In the study reported here, we further investigated relations between RV infection and Type I diabetes by examining T-cell responses of patients with Type I diabetes to RV and beta-cell antigens. Several cross-reactive RV and GAD protein determinants were identified and evaluated.
Subjects and methods
Subjects. Patients with Type I diabetes were selected for this study based on the inclusion criteria of established diagnosis of Type I diabetes, clinically stable, and attending ambulatory Diabetic Clinic of British Columbia's Children's Hospital. Exclusion criteria included clinical instability, and immunosuppressive therapy. Study subjects included 26 patients with recent onset Type I diabetes and 31 with late onset (more than 6 months after diagnosis) Type I diabetes, three patients with CRS-associated Type I diabetes and eight CRS patients without Type I diabetes. Two patients with CRS-associated Type I diabetes, SZ and DB were the donors of the T-cell clones used in this study. The study protocols were approved by the research ethics committees of the University of British Columbia and British Columbia's Children's Hospital. Patient (and/ or parent or guardian) informed consent or both was obtained in all cases.
Antigens. A panel of peptides of human beta-cell proteins of GAD65, GAD67 and 38 KDa 31G (positions shown in Table 1) and a panel of peptides of viral proteins [rubella virus E1, E2 and C and Coxsackie B4 virus P2-C (positions shown in Table 2 and Table 3 )] were synthesised in an automated ABI 430 A peptide synthesiser (Syndrgy, Foster City, Calif., USA) using standard solid-phase methods [31] . The identity and the purity of the peptides had been analysed by mass spectrometry. For each peptide, amino acid analyses were carried out and found to be in agreement with the theoretical composition. Whole virus of RV strain M33 heat-inactivated by incubation at 56 o C for 30 min was also used as a stimulating antigen in proliferation assays.
Proliferation assay. For the proliferation assays using peripheral blood mononuclear cells (PBMC) as responder cells, 1 10 5 cells per well were incubated with peptide at a concentration of 10 mmol/l, or with heat-inactivated whole RV virus at 1 10 6 pfu/ml or with phytohaemagglutinin (PHA) at a final concentration of 10 mg/ml as stimulation (positive) controls in complete Opti-MEM I medium (Gibco BRL, Missisauga, Ont., Canada) containing 2 mmol/l l-glutamine, 1 mmol/l sodium pyruvate, 25 mmol/l HEPES, 50 mmol/l penicillin, 50 mmol/l streptomycin and 5 10 ±5 mol/l 2-mercaptoethanol supplemented with 10 % autologous plasma for 7 days as described previously [31, 32] . Negative control (background) wells received only complete medium supplemented with autologous plasma. For the assays using cloned T-cells as responder cells, a total of 1 10 4 cells per well were incubated with autologous, gamma-irradiated (2500 rad) PBMC (5 10 4 cells per well) in complete RPMI 1640 medium containing 2 mmol/l l-glutamine, 25 mmol/l HEPES, 50 mmol/l penicillin, 50 mmol/l streptomycin, and 5 10 ±5 mol/l 2-mercaptoethanol, 10 % FCS and peptide at a concentration of 10 mmol/l in 96-well flat-bottom plates for 3 days as described previously [31, 32] . The proliferation assays with the beta-cell peptides, viral antigens and PHA as stimulators including negative controls were carried out on the same assay plate for comparison. The cell cultures were pulsed with 37 kBq of (methyl-3 H) thymidine (Amersham, Oakville, Ont., Canada) per well for the last 6 h and incorporated radioactivity was determined. Results are presented as the stimulation index, which is the ratio of the mean cpm incorporated in the presence of antigen to the mean cpm obtained in the absence of antigen. The mean cpm were obtained from triplicate determinations. A stimulation index (SI) value greater than or equal to 2 was considered indicative of a positive response to the viral and beta-cell antigens and PHA.
All positive results were verified by carrying out a twotailed t test of the mean gross counts per min obtained with stimulated and unstimulated (negative control) wells. Significance of the mean responses in a group of patients of an individual peptide, compared with those of other peptides was examined by post hoc tests using analysis of variance (ANOVA). Correlation between the responses in a group of patients to two individual peptides was tested by Pearson's correlation analysis. Significance of the positive response frequency to an individual peptide, compared with those of other peptides was examined by the chi-squared test.
GAD protein (65 and 67) peptide-specific T-cell clones. T-cell clones used for this study were derived from two patients with CRS-associated Type I diabetes using methods previously described [30, 33] . Briefly, PBMC were incubated with peptides, GAD65(252±266), GAD65(274±286), or GAD67(212±226) at a final concentration of 10 mmol/l in a complete RPMI 1640 medium supplemented with 10 % autologous plasma. Starting on the fifth day of incubation at 37°C, 5 U/ml of human recombinant (r)IL2 (GIBCO, Missisauga, Ont., Canada) was added to the culture every 2 days. After 14 days, peptide- d Number of patients with positive T-cell response (SI L 2.0) to the peptide in PBMC proliferation assays/number of patients in the group. e Beta-cell antigens in boldface indicate the specific peptides recognised by T-cell clones used in this study reactive lymphocytes were cloned by limiting dilution in 96-well round-bottom plates (Nunc, Napierville, Ill., USA) at an initial density of 0.3 cells per well in a complete medium supplemented with 10 % human AB serum (Sigma, St. Louis, Mo., USA), 10 U/ml of rIL2, 10 mmol/l peptide, 5 % Lymphocult-T-LF (Biotest, Dreieich, Germany), and gamma-irradiated (2500 rad) autologous PBMC (5 10 4 per well). After 7 days, all wells were supplemented with complete RPMI 1640 medium containing 5 % Lymphocult-T-LF and 20 U/ml rIL2. The clones were tested for specificity in proliferation assays using the peptides, GAD65(252±266), GAD65(274±286) or GAD67(212±226).
HLA DR cDNA-transfected bare lymphocyte syndrome (BLS)-1 cell line. BLS-1 transfectant cells were used as peptide-sensitised targets in 51 Cr release cytotoxicity assays as previously described [34, 35] and detailed below. The BLS-1 cell line, an Ebstein-Barr virus-transformed cell line derived from a patient with congenital BLS whose beta cells failed to express HLA class II antigen due to a regulatory defect, was transfected by retrovirus-mediated transfers of cDNAs from HLA-DRA and HLA-DRB1*0404 [36±38]. The BLS-1 transfectant used in this particular study was BLS-1.DRB1*0404 kindly provided by Dr G. T. Nepom.
Cytotoxicity assay. The T-cell clones used in this study also had peptide-specific cytotoxic T lymphocyte (CTL) function as previously described [30] . Standard 51 Cr release assays were used to measure their CTL responses [33±35] . For use as CTL targets, BLS-1.DRB1*0404 cells (1 10 6 ) were sensitised by incubating at 37°C for 1 h with peptide at a final concentration of 10 mmol/l in complete RPMI medium. After sensitisation, 1 10 6 cells were washed once with complete medium and in- a RV, rubella virus; CXVB4, coxsackie virus B4 P2-C protein; RV (whole), heat-inactivated RV strain M33 whole antigen (10 6 pfu/ml) which was inactivated at 56 C for 30 min. b Recent onset, less than 6 months after diagnosis; late onset, more than 6 months after diagnosis. c Position, location of the peptide within virus protein sequence.
d Number of patients with positive T-cell response (SI L 2.0) to the peptide in peripheral blood mononuclear proliferation assays/number of patients in the group. e Antigens in boldface indicate their positive response frequencies more than 70 % in patients with Type I diabetes Table 3 . Specific cytotoxicity of GAD65(252±266)-specific T-cell clone SZ2.6 and GAD65(274±286)-specific T-cell clone DB4.7 to the specific GAD peptides and RV peptides presented by BLS-1.DRB1 * 0404 cell line 
a E : T, effector T-cells : peptide sensitised BLS-1 target cells ratio in cytotoxicity assays. b NT, not test; numbers in boldface indicate % specific cytotoxicity greater than 10 ternally labelled for 1 h at 37 o C with 3700 kBq of Na 2 51 CrO 4 (Amersham, Oakville, Ont., Canada). Radiolabelled target cells were washed four times with medium, then incubated for 4 h at 37°C with T-cells at different effector:target (E:T) ratios in round-bottomed 96-well plates (Nunc). All assays were carried out in triplicate. Per cent specific cytotoxicity was calculated by the formula 100 [(ER-SR)/(MR-SR)], where ER (experimental 51 Cr release) = mean cpm released into the supernatant in the presence of T-cells, using 5 10 3 target cells per well; SR (spontaneous 51 Cr release) = mean cpm in the absence of T-cells determined in four replicate samples and MR (maximum 51 Cr release) = mean cpm in supernatant of target cells incubated with 0.5 % Nonidet-P40 (NP-40) detergent (Sigma, St. Louis, Mo., USA) determined in four replicates. Standard 51 Cr release was always greater than 25 % of maximum 51 Cr release.
Results
Beta-cell antigens recognised by immune response cells from patients with Type I diabetes. To properly evaluate the cross-reactivity between viral and betacell proteins which could affect the pathogenesis of Type I diabetes, it is essential to identify cross-reactive determinants not only at the clonal T-cell level but also to examine the response frequencies to them in the general T-cell cohort (i. e. at PMBC bulk culture level). Because the pancreas is not accessible for immunologic study in humans, effector mechanisms must be investigated through cells obtained from peripheral blood. A selected panel of 11 betacell peptides recognised by patients with Type I diabetes [17, 18, 39±41] (Table 1) was, therefore, prepared for this study to examine their co-recognition by PBMC and cross-reaction by clonal T-cells with viral antigens. The peptides, such as beta-cell peptides B2, B3, and B8-B11 were selected because they contain known peptide binding motifs of HLA DR and DQ molecules known to have strong associations with Type I diabetes. These beta peptides share motifs for DR3 molecules (DRB1*0301) and DR4 molecules (DRB1*0401, *0404, *0405) which consist of a hydrophobic residue at position 1 and a negatively charged residue (D or E) at position 4 as previously described [42] . Peptide epitopes B1, B4-B7 were previously identified in other studies [39±41] . Some of the GAD peptides used in this study have not been established as naturally processed epitopes.
T-cell responses of 60 patients with Type I diabetes to the 11 beta-cell peptides were examined in proliferation assays (Table 1 and Fig. 1 ). Peptide B2, GAD65(252±266) was recognised by most (77 %) patients recent onset with Type I diabetes (Mean SI: 2.6) and 55 % of patients with late onset diabetes (SI: 2.5), while peptide B10, GAD67(212±226) was recognised by most (61 %) patients with late onset diabetes (SI: 7.8) and 50 % of patients with recent onset diabetes (SI: 3.7). Peptide B6, GAD65(505±519) elicited the cellular responses (SI: 3.3) of 54 % of patients with recent onset diabetes and 48 % of patients with late onset diabetes (SI: 2.7). Peptide B4, GAD65(274±286) were recognised by 39 % of patients with recent onset diabetes (SI: 2.1) and also 32 % of patients with late onset diabetes (SI: 4.5) ( Table 1 and Fig. 1 ). Peptide B2, GAD65(252±266) was recognised by patients with recent onset diabetes at the highest frequency, significantly different (p < 0.002) from all other beta peptides except B6, GAD65(505±519) (p > 0.136). Peptide B10, GAD67(212±226) elicited the highest stimulation indexes in both groups of patients among the beta peptides (Fig. 1) . The responses elicited by B10, GAD67(212±226) were higher than those with other beta peptides (p < 0.001) in patients with late onset diabetes (Fig. 1 ). There were, however, no statistically significant differences in cellular responses (both prevalence and amplitude) to these beta peptides between patients with recent and late diabetes onset, although different trends in response frequency were observed.
Peripheral blood mononuclear cells from two of three (67 %) patients with CRS-associated Type I diabetes proliferated in response to B2, GAD65(252±266) and B4, GAD65(274±286) and all three (100 %) patients responded to B10, GAD67(212±226). Similarly, the PBMC from five of eight CRS patients without Type I diabetes also responded to B2, GAD65(252±266). In contrast to the PBMC from patients with CRS-associated Type I diabetes, however, only one of these patients' PBMC (12.5 %) responded to B10, GAD67(212±226) and B4, GAD65(274±286).
Cellular immune responses of patients with Type I diabetes to RV and CXV antigens. To examine the crossrecognition of RV antigens and beta-cell antigens by T-cells from different patient cohorts, a panel of 15 peptides (V1-V15) of RV structural protein E1, E2, and C were selected for this study (Table 2) . Peptides V1, V4, V5, V8, V11, V13, V14, V15 are antigenic peptides containing epitopes identified by T-cells from RV seropositive healthy donors or RV vaccinees or both in our previous studies [32, 33, 43, 44] . RV peptides V2, V3, V6, V7, V9, V10, V12 were shown earlier to be recognised by peripheral blood T-cells of CRS patients [31] and included five (V3, V6, V7, V9, V12) which stimulated cellular responses of a CRS patient who also had Type I diabetes. Positive cellular responses to whole RV virus were shown in 77 % of patients with recent onset diabetes and 84 % of patients with late onset Type I diabetes and all 3 patients with CRS-associated Type I diabetes. Two RV peptides, V3, RVE1(157±176) and V15, RVC(255±280) could be recognised by the majority of patients. Peptide V3, RVE1(157±176) resulted in higher stimulation indexes of cellular response among the viral peptides in patients with recent onset diabetes (SI: 8.2, p < 0.0001) as well as patients with late onset diabetes (SI: 12.1, p < 0.0001) (Fig. 2) . This RV peptide also induced the highest frequency (77 %) of positive cellular responses in patients with recent onset diabetes, higher (p < 0.001) than all others, except for V12, RVE2(184±198) (p < 0.077) and V15, RVC(255±280) (p < 1.0). Peptide V3, RVE1(157±176) also induces responses at the highest rate (74 %) in patients with late onset diabetes, significantly higher (p < 0.001) than all others, except for V13, RVE2(244±266) (p < 0.095) and V15, RVC(255±280) (p < 0.871) ( Table 2 ). Peptide V12, RVE2(184±198) stimulated cellular responses in 46 % of patients with recent onset diabetes (SI: 2.6) and 29 % of patients with late onset diabetes (SI: 1.9). Peptide V9, RVE2(87±107) elicited responses in 39 % of patients with recent onset diabetes (SI:
1.8) and 20 % of patients with late onset diabetes (SI: 1.4) ( Table 2 and Fig. 2 ). Peptide V15, RVC(255±280) induced cellular responses in 72 % of patients with recent onset diabetes (SI: 4.9) and 75 % of patients with late onset diabetes (SI: 7.1) (Table 2 and Fig. 2 ). All three patients with CRS-associated Type I diabetes showed positive responses to peptides V3, RVE1(157±176), V13, RVE2(244±266) and V15, RVC(255±280), while only, respectively 2 of 8, 1 of 8, and 2 of 8 CRS patients without Type I diabetes responded to these peptides. These results suggested that there is a difference between these two groups of patients in response to the three RV peptides.
Two CXV peptides, V16, CXV B4 P2-C(34±48) and V17, CXV B4 P2-C(38±53) were also used in the test panel. V16 elicited positive cellular responses from 39 % of patients with recent onset Type I diabetes (SI: 2.3) and 26 % of patients with late onset diabetes (SI: 1.6). Peptide V17 induced responses in only 27 % of patients with recent onset diabetes (SI: 1.7) and 23 % of patients with late onset diabetes (SI:1.6), consistent with the results of a similar study [24] . Only one of three patients with CRS-associated Type I diabetes showed positive responses to these peptides and one of eight patients with CRS without Type I diabetes positively responded to them (Table 2 and Fig. 2) . Cross-reaction of GAD (65 and 67) antigen-specific Tcell clones derived from CRS-associated Type I diabetic patients with rubella virus determinants. Only the detection of beta-cell epitope-reactive T-cell clones that recognise the viral counterpart (or vice versa) can prove that cross-reactivity to beta-cell and viral epitopes really exists at the T cell level. While betacell GAD proteins were found as the important target autoantigens in the pathogenesis of Type I diabetes [16±20], T-cell responses to these proteins and their peptides have been studied extensively in nonobese diabetic (NOD) mice and patients with Type I diabetes [12, 13] . A recent study indicated that GAD (65 and 67) are the essential autoantigens initiating Type I diabetes by activating GAD-specific T-cells [20] . To characterise human Type I diabetes-associated GAD T-cell epitopes, we induced and isolated several CD4 + T-cell clones specific to GAD65(252±266), GAD65(274±286), or GAD67(212±226) from two patients with CRS-associated Type I diabetes, patients SZ and DB [30] . T-cell clone SZ2.6 was derived from a GAD65(252±266)-specific T-cell line from patient SZ. Peptide GAD65(252±266) was able to elicit the specific CTL responses of clone SZ2.6 in the context of HLA DRB1*0404 and DRB1*0301 [30] . Another T-cell clone DB4.7 was isolated from a GAD65(274±286)-specific T-cell line of patient DB. This clone was cytotoxic to peptide GAD65(274±286)-sensitised target cells expressing HLA DRB1*0401, DRB1*0404, DRB1*0405 and DRB1*0301 [30] . Two GAD67(212±226)-specific Tcell clones SZ10.3 and DB10.2 were also derived from these two patients. Peptide GAD67(212±226) was capable of inducing CTL responses of the clones SZ10.3 and DB10.2 in the context of DRB1*0404 and DRB1*0301. Clone SZ10.3 could also respond to this peptide in the context of DRB1*0405, DRB4*0101 and DQ8 (D. Ou, unpublished data). These data indicate that T-cell clones used in this study are quite promiscuous in their recognition. These clones were chosen for this study as T-cell clones with degenerate peptide recognition are more likely to induce an autoimmune responses due to cross-reactivity between a microbial and a self-peptide [46] . We selected 14 RV peptides containing the binding motifs to HLA class II DR3 (DRB1*0301), DR4 (DRB1*0401, 0402, 0404, 0405) and DQ8 molecules which have been associated with Type I diabetes from the RV peptide panel for examining the cross-reaction of the GAD-specific T-cell clones in cytotoxicity assays (Table 3) . T-cell clone SZ2.6 specific to B2, GAD65(252±266) also responded to RV peptides RVE1(122±141) and RVE1(157±176) ( Table 3 ). B4, GAD65(274±286)-specific T-cell clone DB4.7 showed cross-reaction with two RV peptides, RVE1(157±176) and RVE2(87±107) ( Table 3 ). The T-cell clones SZ10.3 and DB10.2, specific to B10, GAD67(212±226) also reacted with 2 and 4 RV peptides respectively. T-cell clone SZ10.3 responded to RVE1(157±176) and RVC(151±179), and T-cell clone DB10.2 cross-reacted to peptides RVE1(54±74), RVE2(33±57), RVC(151±179) and RVC(231±257) ( Table 4) .
Peptide motifs shared by cross-reactive GAD and rubella antigens. Both the sequences of RV peptides eliciting responses of the T-cell clones and the sequences of the GAD epitope peptides B2, GAD65(252±266), B4, GAD65(274±286) and B10, GAD67(212±226) are shown in Table 5 . All crossreactive RV peptides contain similar motifs with a large hydrophobic residue at position 1 and a negatively charged residue at position 4 which are also found in GAD65(252±266), GAD65(274±286) and GAD67(212±226).
Correlation of the responses of PBMC bulk culture to cross-reactive RV and GAD determinants in patients with Type I diabetes. To determine if the cross-reactivities between viral and beta-cell peptides observed with the Type I diabetic patient T-cell clones (described above) also existed in the general peripheral blood lymphocyte cohort of patients with Type I diabetes, we analysed results of the bulk culture cellular responses of patients to the cross-reactive peptides using the Pearson's correlation test. Three cross-reactive RV determinants, V3, RVE1(157±176), V8, RVE2(33±57) and V9, RVE2(87±107) identified by GAD peptide-specific T-cell clones were included in the viral peptide panel used for patient bulk cell culture assays in this study (Tables 2±4). Significant correlations of bulk culture cellular responses to the cross-reactive determinants identified using T-cell clones were found between V3, RVE1(157±176) and B4, GAD65(274±286) (r = 0.503, p < 0.009) in patients with recent onset diabetes (Fig. 3) , between V3, RVE1(157±176) and B10, GAD67(212±226) (r = 0.703, p < 0.0001) in patients with late onset diabetes (Fig. 3) , and between V9, RVE2(87±107) and B4, GAD65(274±286) (r = 0.743, p < 0.0001) in patients with recent onset diabetes (Fig. 3) . Table 5 . Motifs shared by cross-reactive GAD protein and RV determinants recognised by GAD peptide-specific T-cell clones Sequences of GAD epitopes recognised by T-cell clones:
Sequences of cross-reactive RV epitopes recognised by GAD peptide-specific T-cell clones:
a Peptide sequences were shown by the one letter amino acid code. Bold amino acids are the motifs shared by these peptides
Discussion
Cross-reaction between virus and self-protein antigens based on antigenic molecular mimicry triggered by viral infection has been recently proved to be an important pathogenetic mechanism in a murine model of autoimmune herpes stromal keratitis [47] . Neither the initial target of attack on beta cells for autoreactive killer T-cells nor the nature of the environmental factor implicated in Type I diabetes have however, so far been identified. Promiscuous recognition of multiple major histocompatibility complex (MHC)-peptide epitope complexes is a well known and essential feature of the T-cell receptor (TCR). The recent confirmation of degeneracy in T-cell recognition using peptide combinatorial libraries indicated that a wide range of ligands with different affinities exists for each TCR. A single TCR has the capacity to recognise approximately 10 6 different MHC-associated minimal peptide epitopes [48, 49] . This diversity allows for cross-recognition of pathogen and self-epitopes. To identify the cross-reactive rubella virus and beta-cell protein determinants and also to evaluate the importance of such determinants involved in the pathogenesis of Type I diabetes, we studied the T-cell responses to these determinants at both bulk cell culture and cloned T-cell levels. Autoimmune T-cell responses to peptide determinants of beta-cell proteins have been characterised in nonobese diabetic (NOD) mice and human patients with Type I diabetes [12, 13, 17, 18, 41, 50±57] . Studies in NOD mice showed that T-cell responses to GAD antigens arose in a sequential order and that T-cell responses to epitopes GAD65(78±97), GAD65(202± 221), GAD65(217±236), GAD65(247±266), GAD65(509±528) or GAD(524±543) might be used as staging markers for Type I diabetes progression [56, 57] . At least 15 GAD65 T-cell epitopes recognised by humans with Type I diabetes have also been identified [12, 41, 50±52, 55] . In this study we used a panel of beta-cell peptides which represented the identified Type I diabetes-associated antigens to test the peptide-specific T-cell responses of Type I diabetes patients at different disease stages. Among the 11 beta-cell peptides, B2 representing GAD65(252±266) was recognised with the highest frequency of 77 % in patients with recent onset diabetes. Peptide B10, GAD67(212±266) elicited the highest stimulation indexes in patients with both recent and late onset diabetes and with the highest recognition rate of 61 % in patients with late post onset diabetes. This study also showed T-cell responses of patients with Type I diabetes to several GAD67 epitopes. Similar reciprocal GAD65±67 T-cell recognition during the disease progression has been reported in the studies of NOD mice [57] . A study in human Type I diabetes showed that increased T-cell responses to a recombinant GAD67(208±404) containing the sequences of four beta peptides used in the present study, was a marker of preclinical Type I diabetes [17] . As with previous observations in NOD mice, our results suggest that there are two opposing tendencies that characterise the T-cell responses to beta-cell antigens. There appears to be a drive towards relative immunodominance of some peptides but also an apparent diversification and broadening of specificity suggesting epitope spreading with disease progression. Studies in autoimmune mouse mod- A B C els show that either initial determinant or spreading determinants could be critical in the pathogenesis of autoimmune diseases [56, 57] . Many instances of organ-specific autoimmunity also show such clusters of target determinants that become involved [58] . The beta-cell epitopes recognised by most patients with Type I diabetes in this study such as B2, GAD65(252±266), B6, GAD65(505±519) and B10, GAD67(212±226) which are included in the identified staging markers of Type I diabetes should therefore be further studied as the candidate triggers or mediators in pathogenesis. The GAD65(274±286) epitope has been identified as one recognised by Tcells from both human and HLA-DRB1*0401 transgenic mice [41] . T-cell clones specific to these betacell antigens have therefore been isolated for characterising the epitopes and examining their cross-reaction with viral antigens [30] . Several GAD65 T-cell epitopes have recently, been identified using T-cell hybridomas derived from NOD mice and human DQ8 transgenic mice [59, 60] . Peptide GAD65(206±220) has been determined as the most dominant T-cell epitope restricted by mouse I-Ag 7 in NOD mice [59] . This epitope is also recognised by PBMC from patients with Type I diabetes and restricted by DQ8 [60] . The core epitope GAD65(208±217) of this peptide is homologous to human GAD67(217±226) with only one conservative substitution (m to l) at position 216 of GAD65. Notably, this study also showed that the peptide GAD67(212±226) containing GAD67(217±226) is an important epitope recognised by the PBMC from most patients with Type I diabetes. As mentioned above, GAD67(212±226) could be recognised by T-cells in the context of DRB1*0301, 0404, 0405, B4*0101 and DQ8.
Viral infections could induce and sustain autoimmune processes by several overlapping mechanisms including priming of autoreactive T-cells which have escaped thymic tolerance and are able to mount a cross-reactive response to mimetic antigens carried by viruses in the periphery [46, 61] . Although it has been shown in NOD mice that cross-reactivity to GAD65 and CXV protein P2-C is detectable at the T-cell line [23] , it has not been proved in humans. So far, one study described co-recognition of the CXV peptides in P2-C(32±47) and its antigenic counterpart of GAD65 peptides in GAD65(247±279) by investigating at the PBMC culture level [24] . A recent study showed, however, that CXV infection did not increase splenocyte responses in NOD mice to GAD65(255±269) and CXV(32±47) [8] . We observed that over 80 % of patients with Type I diabetes showed positive cellular responses to whole rubella virus. Two rubella peptides, V3, RVE1(157±176) and V15, RVC(255±280) elicited cellular responses in over 70 % of patients with Type I diabetes and all CRS patients with Type I diabetes. All four GAD peptide-specific T-cell clones also responded with two or more rubella peptides suggesting that cross-reaction of viral antigen with GAD antigens could play a part in the pathogenesis of Type I diabetes triggered by RV infection. Peptide V3, RVE1(157±176) was first found to induce cellular responses in a patient with CRS-associated Type I diabetes and only 10 % RV seropositive healthy people and vaccinees in our previous study [31] and hence was included in the RV peptide panel for this study. Cross-reactive RV determinants such as V3, RVE1(157±176) were found to induce a higher frequency of cellular response in the cohort of patients with Type I diabetes than two CXV peptides which shared 80 % homology to GAD65 peptides, suggesting that these RV determinants could be more important in the pathogenesis of Type I diabetes than those of CXV.
Comparing the sequences of the GAD epitopes recognised by the T-cell clones and the cross-reactive rubella peptides shows that all these peptides contain motifs with a large hydrophobic residue at position 1 and a negatively charged residue at position 4. These motifs are also the minimal peptide binding motifs of DR3 and DR4 (DRB1*0401, *0404, and *0405) molecules which have been associated with Type I diabetes. Microbial peptides with limited sequence homology are effective activators of autoreactive T-cells [62, 63] . It has recently been shown that monoclonal and polyclonal GAD65(248±257) or GAD65(88±99)-specific T-cells from patients with Type I diabetes could be stimulated by viral (human herpes virus) and bacterial peptides with little apparent sequence homology with autoantigenic epitopes [64] . The study did not, however, examine the co-recognition of the cross-reactive viral and bacterial antigens at bulk cell culture level in the patient cohort and thus could not evaluate the importance of the cross-reactive peptides in the pathogenesis of Type I diabetes. Peptide V2, RVE1(157±171) with 15 of 21 overlapping residues with its analog, V3, RVE1(157±176) elicited lower stimulation indexes and response frequencies of patients than the latter in the present study. A similar response to B3, GAD65(256±279), compared with that of B2, GAD65(252±266) was observed in this study. These results underscore the vital part played by the amino acid residues that flank the core antigenic determinant on the outcome of the response [65] . It has been reported that different TCRs can recognise the same peptide/MHC complex [66, 67] . Similarly, different GAD-specific T-cell clones could respond to the same peptide V3, RVE1(157±176) in the present study.
The cross-reaction between GAD (65 and 67) epitopes and rubella virus determinants at the cloned Tcell level and co-recognition at patient bulk cell culture level imply that rubella infection could be one of the triggering factors, boosting GAD epitoperesponding T-cells, driving or increasing the natural spreading of T-cell immunity to the GAD determinants. Pearson's correlation test results showed significant correlations between the responses to V3, RVE1(157±176) and B4, GAD67(274±286) in patients with recent onset diabetes and the responses to another cross-reactive determinant B10, GAD67(212±226) in patients with late onset diabetes. Significant correlation was also found between V9, RVE2(87±107) and B4, GAD65(274±286) responses, suggesting that the cross-reaction observed in T-cell clones was also represented in the general T-cell cohort of patients with Type I diabetes. The bulk cell culture responses to B2, GAD65(252±266) did not, however, show correlation to the responses to V3, RVE1(157±176), although the T-cell clone specific to B2 also cross-reacted with V3. Similarly, no correlation was found in bulk cell culture responses between B10, GAD67(212±226) and V8, RVE2(33±57) although the two determinants are cross-reactive at T-cell clone level. In contrast to the responses of cloned T-cells, bulk culture cell responses of patients with different HLA phenotypes included the responses of heterogeneous T-cells. Many other factors other than cross-reaction such as antigenic specificity, phenotypes (CD4 or CD8), HLA restrictions, responder cell frequencies and affinity could influence the results of T-cell function assays. Also, B2, GAD65(252±266) is an immunodominant epitope promiscuously recognised by most healthy people with different HLA phenotypes ( [68] , and D. Ou, unpublished data). Moreover, the responses to peptide B2, GAD65(252±266) could be boosted not only by V3, RVE1(157±176) but also by other cross-reactive viral antigens such as the CXV B4 P2-C peptides sharing the same sequence (PEVKEK) and seven other similar residues in adjacent regions with B2 peptide [15, 23] . Similarly, the responses to B10, GAD67(212±266) could be driven by not only crossreactive determinant V8, RVE2(33±57) but also V3, RVE1(157±176). In these cases, it is not surprising that the bulk cell culture responses of a patient cohort to a pair of cross-reactive viral and GAD determinants show no correlation.
Similar to the observations in NOD mice [56, 57] , the present study showed that the recognition frequency in patients with Type I diabetes for some GAD epitopes, such as B2, GAD65(252±266) decreased with disease progression, whereas the responding rate to other GAD epitopes, such as B4, GAD67(212±226) seemed to increase. No significant differences were found however, in responses to beta and V peptides between recent onset and late onset patient groups. It is possible that the interval from recent onset to late onset in this study was too short to detect differences or that the major changes of responses to GAD epitopes could occur much earlier in the prediabetic stage as described in NOD mice studies [56, 57] . To fully understand the cross-reaction of viral and autoantigenic epitopes in triggering human Type I diabetes and in disease progression it will be necessary to study these responses prospectively from the prediabetic state to advanced Type I diabetes. This study established the cross-reactivity between rubella virus and GAD antigens.
Type I diabetes that is CRS-associated has been used as a model to study the viral influences in the pathogenesis of the disease [7, 30] . The present study suggests that the positive frequencies responding to cross-reactive determinents beta-cell epitopes B4, GAD65(274±286) and B10, GAD67(212±226), and RV peptides V3, RVE1(157±176) of PBMC from patients of CRS-associated Type I diabetes seem to be higher than those of PBMC from patients of CRS without Type I diabetes. Whether or not these differences are statistically significant and associated with Type I diabetes remains to be analysed statistically by comparing matched patients from the two groups. We are recruiting more CRS patients to increase the study sample size, helped by a national network programme. Several live attenuated rubella vaccines have been introduced since 1969 and immunisation of infants is now a standard public health measure. Most patients with Type I diabetes in this study should have been infected or immunised by the RV as over 80 % of patients showed cellular responses to whole RV virus and almost all of them are under 20 years old. Rubella virus (255±280) is an immunodominant T-cell epitope identified in previous studies which was recognised by most seropositive healthy donors and RV vaccinees with different HLA phenotypes [31, 32] . This study showed that 72±75 % of patients with Type I diabetes recognise this peptide. Positive response to this peptide also indicates that the host is likely immune to RV. Moreover, 74±77 % of PBMC from these patients responded to a GAD antigen cross-reactive RV determinant RVE1(157± 176). We shall, therefore, be interested to know whether RV infection or current RV vaccination or both influences the incidence and disease progression of conventional Type I diabetes patients. It is unlikely, however, that a single microbial peptide is responsible for the activation of autoreactive T-cells in human Type I diabetes because microbial peptides with limited sequence homology are effective activators of autoreactive T-cells [46] . As some autoreactive T-cell clones are activated by peptides from different pathogens, a stepwise expansion of autoreactive T-cells by subsequent infection is possible [46, 61] .
